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Abstract—The binding of tritium labeled N-methyl-4-piperidylbenzilate(| *H]-4-NMPB) to fractions ob-
tained from cat irides was investigated. The binding of this highly potent muscarinic antagonist to the cat iris
consisted of two components: (a) high affinity binding sites with low capacity and (b) low affinity binding
sites with high capacity. By a simple fractionation procedure those two components were reasonably
separated, and a relatively pure fraction with high affinity binding sites was obtained. The high affinity
binding sites are attributed to the muscarinic receptor sites, since they showed characteristic behaviour:
saturability, high affinity, reduction of the binding by muscarinic ligands, and no effect on binding by non-
muscarinic ligands (at a pharmacological range of concentration). Hill coefficients for the antagonists were
approximately 1,and for the agonists less than 1. The dissociation constant of [ *H |-4-NMPB (0.4-0.6 nM) is
similar to that found in albino rabbit irides and in mouse brain. Furthermore, the capacity of the high affinity
binding sites (468 fmole/iris) was similar to that found in albino rabbit irides (447 fmole/irts) and in
pigmented rabbits irides (512 fmole/iris). According to these findings, the low affinity binding sites cannot be
related to the muscarinic receptor and are probably related to the presence of abundant melanin pigment. The
interactions of [*H]-4-NMPB with the components of the cat irides and their possible physiological

significance are discussed.

The smooth muscles of the iris are governed by antago-
nistic adrenergic (dilator) and cholinergic (constrictor)
influences. The cholinergic neuromuscular system is
well studied [ 1-3] and can be regarded as a classical
example of a muscarinic apparatus. And, indeed, the
sphincter responds in a characteristic manner to mus-
carinic agonists and antagonists: agonists and cholines-
terase inhibitors cause miosis [ 4] while the latter agents
cause mydriasis [5].

We have previously characterized the muscarinic
receptor in mouse brain [6—8] and albino rabbit ir-
ides [9]. Marked differences in the mydriatic effect of
muscarinic drugs have been found between pigmented
and non-pigmented iris sphincters, propably due to the
abundant melanin pigment [ 10]. The present work was
aimed at identifying and characterizing the biochemical
nature of the muscarinic receptors in pigmented irides,
information that will serve to elucidate the events that
occur during drug—iris interaction. We summarize here
our studies on the interaction of pigmented rabbits and
cat irides with [*H]-4-NMPB, a highly potent and spe-
cific muscarinic antagonist [ 11].

MATERIALS AND METHODS
Materials
N-Methyl-4-piperidy] benzilate (4-NMPB) was pre-
pared and tritium labeled (6 Ci/m-mole) as described
elsewhere [ 12]. The chemical and radiochemical purity
was determined by analytical thin layer chromatogra-
phy (Merck Silica 60 plates) in two solvent systems: n-
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butanol, acetic acid and water (4:1:1), and chloroform,
acetone and diethylamine (5:4:1). [*H|-4-NMPB
moved as a single peak, identical to the authentic
unlabeled compound in these two systems. The purity
was > 97 per cent.

(+)QNB and (—)QNB were prepared as described
elsewhere [ 13]. Other compounds used were as fol-
lows: oxotremorine (Aldrich), scopolamine-HBr and
pilocarpine (Plantex, Israel), atropine sulfate hydrate,
propranolol, (+)-tubocurarine, physostigmine salicy-
late and arecoline-HCl (Sigma), and acetylcholine
perchlorate (BDH).

All other compounds were of the best grade
available.

Methods

Cats of both sexes weighing 2.5—4 kg were killed by
exposure to pure CO, in a closed chamber for 3 min.
The irides were quickly removed (within 5 min post-
mortem), washed in ice cold Krebs solution, dried on a
filter paper and weighed in concert (12—24 irides). The
irides were removed by inserting a small pair of forceps
through a frontal incision in the cornea and grasping the
iris; by gentle manipulation the entire iris was extracted
intact. While small pieces of the ciliary body complex
may have remained attached to the iris, they would have
amounted to only a very small fraction of the total
tissue  weight and were considered insignificant. The
irides were scissor-minced and homogenized in 0.32 M
ice-cold sucrose (1 iris/0.75 ml) using an Ultra Turrax
homogenizer (set-up 7, 30 sec), and then rehomogen-
ized with a motor-driven perspex pestle (950 r.p.m.) in
a glass homogenizer (5 strokes) placed in an ice bucket.
The whole homogenate was centrifuged in a clinical
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centrifuge (2 min at half maximal speed) and the super-
natant collected. The pellet was rehomogenized as de-
scribed (0.25 ml per 1 iris) and recentrifuged. This
supernatant was added to the former to yield the S,
fraction. which represents a homogenate of 1 iris/ml
(~ 2.7 mg protein/ml). and the pellet P, was resus-
pended in 0.32 M sucrose to yield the original volume.

The S, fraction was further centrifuged at 17,500 g
for 30 min (Sorval RC-2B). and the pellet (P,) resus-
pended in the original volume.

The same procedure was used for pigmented rabbits.

A second fraction (S, ,) was prepared for binding
assays. Cat irides were removed and homogenized as
described above. but in 1 M sucrose (1 iris/0.75 ml).
The whole homogenate was centrifuged at 9750 g for
30 min (Sorval RC-2B) and the supernatant collected.
The pellet was rehomogenized (in 0.25 ml 1 M sucrose
per original homogenized iris). recentrifuged. and this
supernatant added to the former. This yielded the (S, ,)
fraction.

Binding assay. 100-200 ul of the prepared fractions
were incubated at 25° in 2 ml modified Krebs solution
(25 mM Tris—HC], 118 mM NaCl. 4.69 mM KCI,
1.9 mM CaCl,. 0.54 mM MgCl,, 1.0 mM NaH,PO,.
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11.1 mM giucose), pH 7.4. containing the labeled
ligand alone or with various unlabeled drugs. After
various periods of incubation. ice-cold Krebs solution
(3 mt) was added and the contents were passed rapidly
through a glass filter (GF/C. Whatman 25 mm diame-
ter) by suction. The filters were washed 3 times with 3
portions of ice-cold Krebs solution. All procedures
were completed within less than 10 sec. Control bind-
ing experiments with increasing amounts of total pro-
tein. indicated that, when GF/C filters were loaded with
more than 1.1 mg protein. lower binding as judged by
the measured radioactivity was observed. Therefore. in
all experiments no more than 0.8 mg protein/filter was
used.

The filters were placed in vials containing S ml of
scintillation liquid (33 ml triton X-100, 66 mi toluene,
5.5g PPO (Packard) and 0.1 g POPOP (Merck)),
maintained at 25° for 30 min, and then assayed for
radioactivity by liquid scintillation spectrometry
(Packard Prias model PL). Corrections for quenching
were made using an external standard.

All binding experiments were performed in duplicate
together with duplicate samples containing 5 x 1073 M
of unlabeled 4-NMPB or atropine. Specific binding was
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Fig. 1. Binding of |*H|-4-NMPB at 25° as a function of concentration. 0.2 ml samples from the specified

fraction were incubated with varying concentrations of [ ‘H|-4-NMPB for 30 min at 25° in 2 ml modified

Krebs solution (pH 7.4). ®@—@, total binding; A—A, non specific binding (in the presence of 5 x 107 M 4-

NMPB); O—O. specific binding. Each experimental point represents the mean of duplicate samples. (a)

Binding to the S, fraction. (b) Binding to the P, fraction. (c) Binding to the P, fraction. (d) Binding to the S, ,
fraction.
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Fig. 2. Specific binding data from Fig. 1 replotted according to Scatchard. (a)for S, (@—®)and P, (O—O)
fraction. (b) for P, (@—®) and S, , (O—O) fractions.

defined as the total binding minus the binding in the
presence of excess unlabeled ligand. Lines in Scatchard
analysis were fitted by eye.

Protein was determined by the method of
Lowry { 14]., using bovine serum albumin as standard.

RESULTS

The binding of [’H]-4-NMPB at 25° was studied
first using the S, fraction of the cat iris. The total
binding in the S, fraction was relatively high and varied
with ligand concentration (Fig. 1a, upper curve). In the
presence of 50 uM 4-NMPB, the total binding was
much lower and varied linearly with ligand concentra-
tion (Fig. la, lower curve). The value of specific bind-
ing was obtained by subtracting the residual binding
of [*H]-4-NMPB determined in the presence of excess
unlabeled drug (i.e. non-specific binding) from the total
value. The specific ligand binding (Fig. 1a) exhibited
hyperbolic shape but did not achieve saturation; not
even at 40 nM ligand, which is at least 80 times highera
concentration than the K, value of 4-NMPB from
muscarinic receptors in mouse brain [6], guinea pig
ileum [ 11], and albino rabbit iris—ciliary body com-
plex [9]). When the data of Fig. la were replotted
according to Scatchard [ 15] (Fig. 2a), they deviated
from linearity; thus [*H]-4-NMPB binding could not
be related to a single population of binding sites. The
data could, however, be accomodated by a two-binding
site model consisting of a high affinity binding site
(K;= 0.63 nM. 0.4 pmole/iris) and a low-affinity bind-
ing site (K; > 20 nM). The precise K, and binding
capacity of the latter could not be calculated at the
concentration range investigated.

The binding of [’H]-4-NMPB to the P, fraction was
also very high (Fig. 1b). But when the data of the
specific binding in this fraction were replotted accord-
ing to Scatchard (Fig. 2a), only the low affinity binding
site was exhibited. This fraction contains levels of
pigment granules at least as high as fraction §,, but
should have much less plasma membranes. The capac-
ity of the low affinity binding sites in P, was very high,
as it was for the whole homogenate, thereby rendering it

impossible to estimate the yield of the high affinity
binding sites.

Scatchard plots of [*H]-4-NMPB binding to the S,
fraction of pigmented rabbit iris—ciliary body complex
and albino rabbit iris—ciliary body (Fig. 3), clearly
demonstrate that the low affinity binding sites exist only
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Fig. 3. Scatchard piot for [*H|-4-NMPB binding to albino
and pigmented rabbit irides. 0.2 ml S, fraction samples were
incubated with varying concentrations of [*H]-4-NMPB for
30 min in 2 ml modified Krebs solution (pH 7.4). Binding
was assayed in duplicate samples together with duplicate
samples containing 5 x 1075 M atropine, and specific binding
was determined as described in “Methods”. Data were replot-
ted according to Scatchard for pigmented (O —O ) and albino

(®@—®@) rabbit irides.
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Table 1. Binding capacities and dissociation constants of { *H[-4-NMPB in irides of cats

and rabbits

B

# *

max mux
fmole/mg fmole/whole K,*
Species Fraction tissue iris nM
Cats S, 5.7+ L8 468 0.63 - 0.11
Cats P, 4.4~ 11 0.41 - 0.14
Cats S, . 45+ 1.2 0.53 - 0.20
Pigmented rabbits S, 2.8+ 20 512 0.55 + 0.20
Albino rabbits S, 157+ 1.7 447

045 +0.12

The binding capacities and the K, values represent the mean of at least three experiments

as described in Fig. 1.

* Boax and K, were calculated from the extrapolation values of the Scatchard plots and
represent the high affinity binding sites only.

in the former, while the high affinity binding sites exist
in both. The K values and the binding capacities of the
high affinity binding sites are similar for both species
(Table 1).

The K, values of the high-affinity binding sites in cat
irides and in pigmented and unpigmented rabbits
(Table 1) are very close to those obtained for 4-NMPB
in other tissues. In addition, the binding capacity of the
various irides is similar. These data led us to conclude
that the high-affinity binding site may represent the
muscarinic acetylcholine receptor. According to these
criteria, the low-affinity binding site could not be re-
lated to the muscarinic receptor: the most logical candi-
date for it was the melanin pigment. since it has been
shown that melanin binds inter alia muscarinic
drugs [16 |,

In order to further characterize the interaction
of [*H]-4-NMPB with the cat iris homogenate. binding
studies were performed using the P, fraction. As shown
in Fig. lc. the total binding of [*H!-4-NMPB to the P,

fraction was much lower than that observed for the S,
fraction. The same was true for non-specific binding.
The specific binding exhibited a hyperbolic shape and
binding appeared to reach saturation. When the data
were replotted according to Scatchard (Fig. 2b) they
deviated from linearity in most of the cases. In the P,
fraction (Fig. 2b) most of the binding could be attrib-
uted to the high affinity site (K, = 0.41 nM). The yield
of high affinity binding sites in P, fractions relative to §,
fractions averaged 70 per cent.

Because of the variability of the results with the P,
fraction. and its relatively low number of high affinity
binding sites. another approach was used. In prelimi-
nary experiments using a sucrose gradient {(0—60 per
cent ). most of the pigment was found to be concentrated
in the 60 per cent fraction of the gradient. and in a
narrow band close to the top. with different bands of
membranes in between. Based on this finding we de-
cided to homogenize the irides in 1 M sucrose and to
use the supernatant (S, ,) for binding assays.

/-
375 1~ .
@
3
2]
R
4+
o
£ 250
~
3
£
-
2
3 1.25
e
o -
o
=
2 |
"r el
X i i
S 30

Time,

min

Fig. 4. Time course of ['H]-4-NMPB binding at 25°. §, , samples (0.2 ml) were incubated in 2 m! modified

Krebs solution with [*H |-4-NMPB for various periods of time. Specific binding was determined as described

in “Methods”. Each experimental point represents the mean value of duplicate samples. Insert: same data
plotted according to equation 1.
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Fig. 5. Dissociation of | *HI-4-NMPB at 25°. S, , samples
(0.2 ml) were incubated for 30 min with 5 nM [*H}-4-NMPB
in 2 ml modified Krebs solution. 5 ¥ 107 M 4-NMPB was
then added and the samples were filtered immediately (zero
time) and at times indicated. Specific [’H]-4-NMPB was
determined as described in “Methods”. Each point represents
the mean value of 2 duplicate determinations. ([*H}-4-NMPB

bound), _, was 4.1 fmoles/mg tissue.

Figure 1d represents the binding of [’H]-4-NMPB to
S,,, fraction. Specific ligand binding exhibited the hy-
perbolic shape typical of saturation phenomena (half
saturation at 0.5 nM ligand). Non-specific binding was
much lower and varied linearly with ligand concentra-
tion. When the data in Fig. 1d were replotted according
to Scatchard, they exhibited only a slight deviation
from linearity (Fig. 2b). The high affinity site
(K;=0.53nM) in this fraction predominated, and
these results were highly reproducible. Thus, further
characterization of [ *H ]-4-NMPB-receptor interaction
was performed with S, , fraction.

Figure 4 shows the time course of association
of [*H]-4-NMPB at 2.0 nM, corrected for non-specific
binding. Half-saturation was achieved in 1.8 min and
maximum binding in approximately 20 min. The ki-
netic data were replotted according to the integrated
rate equation for bimolecular reversible reaction, as
discussed by Galper et al. [ 17]:

In[Beqg-B,/Beq] = (k[ 4-NMPBl-k_ ) (1)
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where Beq and B, are the concentration of 4-NMPB-
receptor complexes at equilibrium and at time ¢ respec-
tively. The plot deviated from linearity (Fig. 4, insert),
indicating that the reaction is not of a simple bimolecu-
lar nature.

Similarly, the dissociation of [ *H |-4-NMPB—recep-
tor complex, measured by an isotopic dilution tech-
nique, exhibited biphasic kinetics (Fig. 5).

To establish the specificity of [ *H1-4-NMPB binding
in the S, , fraction of the iris, competition experiments
were carried out with various unlabeled ligands (Fig.
6a). The potent muscarinic antagonists (—)QNB, sco-
polamine and atropine inhibited 50 per cent of the [*H |-
4-NMPB binding at the nM range, while the agonist
oxotremorine inhibited 50 per cent at 1.6 uM. Non-
muscarinic  drugs—(+ }-tubocurarine. propranolol,
haloperidol and phentolamine—at a concentration of
10 uM did not affect the binding. The K, values for the
muscarinic antagonists, as well as the I, values of the
agonists (Table 2), correlate well with their known
pharmacological potencies |4, 111, The (—) isomer of
QNB is 50 times more potent than the (+) isomer, thus
establishing stereospecificity. This is in agreement with
the known pharmacological activity of QNB’s iso-
mers [ 13]. Thus, the competition experiments demon-
strate that in cat iris homogenate, like in the mouse
brain [6], [*H}-4-NMPB binds specifically to muscar-
inic acetylcholine receptors. Hill plots of the competi-
tion curves {Fig. 6b) yielded Hill coefficients close to 1
for all antagonists tested and less than 1 for the agonists
(Table 2). Such a pattern of muscarinic binding has
bee]n reported previously for several preparations | 17—
19].

DISCUSSION

The identification of muscarinic acetylcholine recep-
tors in the cat iris using the tritiated highly potent

Table 2. Binding constants and Hill coefficients* (h) for
muscarinic ligand as determined in the cat iris by competition
with [°*H|-4-NMPB

Drug Lt K (M)t h

(—)QNB 1.0 x 107 3.3 < 1070 1.02
(+)QNB 2.0 x 107% 6.6 X 107 1.05
Scopolamine 3.0 x 107 1.0 x 10 1.04
Atropine 5.6 x 107 1.8 x 107 1.05
Oxotremorine 26 x10% 0.88
Acetylcholine§ 5.5 x 1076 — 0.71
Arecoline 1.7 < 1078 R 0.82
Pilocarpine 1.7 x 107 e 0.80

* Values given are the means of three separate experiments
similar to that in Fig. 4, each performed in duplicate, whose
results varied by less than 30 per cent.

* The concentration causing 50 per cent reduction in
binding of [*H]-4-NMPB (1.0 nM).

1 K, values for antagonists were calculated assuming a
simple competitive interaction between ['H]-4-NMPB and
the competing ligand, as described elsewhere [ 61. Values for
X, for agonists depend on the mechanism responsible for the
low Hill coefficients and cannot be calculated from these data.

§ In the presence of 10 uM physostigmine.
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Each point represents the
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(+)QNB; —

, oxotremorine {4, acetylcholine; MM, pilocarpine and<

- arecoline. (b) Hill

plot of the same data. Y is the fractional binding of | *H |-4- NMPB

muscarinic antagonist 4-NMPB was complicated by
the strong interference of a high degree of binding to
non-receptor material which is part of the general cate-
gory of “non-specific binding”. This problem was not
unexpected. since Salazar and Patil had shown high
binding capacity of |*Hl-atropine to melanin [ 10].
Moreover. Cuatrecasas | 20} pointed out many
examples of relatively high affinity and highly specific
binding which are biological “accidents” rather than
meaningful recognition phenomena. The case of the cat
iris seemed to be one of these biological “accidents”.
Fortunately, we had a number of factors which proved
to be distinguishing between specific and non-specific
binding. These are described below:

(1) The affinity constants of muscarinic antagonists
to the receptor in different tissues and animals are very
similar. Although slight differences may exist | 211, the
binding constants generally do not differ by a factor of
more than 3 or 4. The binding constants of 4-NMPB to
the muscarinic receptor in mouse brain homogenate
have been determined [ 61, and are similar to those of 4-
NMPB in albino rabbit iris—ciliary body complex [ 9]
and in guinea pig ileum | 11]. Accordingly. only the
high affinity binding site detected in cat iris homogenate
could be related to the muscarinic acetylcholine recep-
tor (see Table 1).

(2) In general receptors are present in extremely
small quantities in physiological membranes. This was
confirmed for muscarinic receptor capacities in, among

others, chicken | 17] and rat hearts [ 22] and in albino
rabbit iris—ciliary body complex{9]; a much higher
capacity exists in guinea pig ileum | 231, but this seems
to be an exception. However, the muscarinic receptor
capacity in the albino rabbit iris—ciliary body coincides
very well with the high affinity binding site capacity of
the pigmented rabbits iris—ciliary body complex and of
the cat iris (Table 1). This strongly suggests that only
the high affinity binding site in cats and pigmented
rabbits irides can be related to the muscarinic receptor.

(3) Tt has been shown in many preparations, includ-
ing brain[24] and smooth muscle [25]. that the
membrane-bound muscarinic receptors have a typical
distribution in homogenate fractions. Thus. binding in
the S, fraction (1000 g or less) represents 70—80 per
cent of the total homogenate binding. and further cen-
trifugation (17,500 g or more) yields most of the recep-
tor binding sites in the pellet (P,). A similar distribution
of the high affinity binding sites in the cat iris was found
here. Although it was difficult to demonstrate the high-
affinity binding sites in the whole homogenate and P,
fraction. this site was clearly detected in the §, and P,
fractions. On the other hand the low-affinity binding
sites were found in the P, as well as in the S, fractions.
In this regard it is pertinent that muscarinic receptors
were demonstrated in 1 M or lower fractions of sucrose
gradients [ 26]; the existence of the['H|-4-NMPB
high-affinity binding sites in the supernatant of the | M
homogenate (S, ,) is consistent with these findings.
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Fortunately the low-affinity binding sites pelleted and
enabled us to further characterize the high-affinity bind-
ing of [*H]-4-NMPB.

The binding of [*H|-4-NMPB to the S, , fraction of
cat iris homogenates exhibits all the characteristics
typical for binding to the muscarinic acetylcholine
receptor. The binding of the ligand was saturable and
high affinity, and unlabeled muscarinic ligands reduced
the binding of the labeled drug (Fig. 6a) whereas non-
muscarinic drugs did not affect binding. The relative
potency of the muscarinic drugs in competing
with [*H]-4-NMPB binding (Table 2) correlates well
with their pharmacological potencies [4, 11]. More-
over, the typically low Hill coefficient for agonists
observed in other tissues [9, 17-19] was established
also in the cat iris (Table 2). as were the biphasic
association and dissociation kinetics of antagonists
binding (Figs. 3 and 4) phenomena observed for [*H |-
4-NMPB binding in mouse brain homogenate [6]. in
albino rabbitiris—ciliary body complex homogenate [ 9],
and for [*"HIQNB binding in chicken heart|17] and
retina | 191. This biphasic kinetics can be explained by
the isomerization process of the receptor—ligand com-
plex. as was previously suggested for [*H|-4-NMPB-
receptor interaction in mouse brainl6]. and for
| *HIQNB-receptor interaction in chicken heart [ 17].
That is, the association reaction: R + L = RL is fol-
lowed by a slow isomerization step: RL 2 R*L.

Evaluation of the rate constants of these reactions
awaits more detailed kinetic data. However, as an initial
approximation, the association rate constant for the
R + L= RL reaction was estimated from the initial
rate of binding (Fig. 4) to be 2.7 x 10* M~'min~". The
half-time for dissociation (Fig. 5) of [*H|-4-NMPB—
receptor complex is about 15 min. These kinetic values
are very similar to those of [*H]-4-NMPB in mouse
brain [6] and albino rabbit iris—ciliary body complex
homogenates [9]. and clearly demonstrates the fast
“on” and “off” rates.

The high capacity of low-affinity binding sites
for [*H]-4-NMPB in the cat and pigmented rabbit ir-
ides—binding sites that do not exist in the albino
rabbits—suggests that these binding sites are the mela-
nin pigments or associated factors. This conclusion is
supported by the known phenomena of drugs binding to
pigments. Moreover, Shimada et al. showed binding of
another muscarinic antagonist [*H Jatropine—to “arti-
ficial” melanin [ 16]. Salazar and Patil [ 10] showed a
greater retention of [*H latropine in pigmented rabbit
irides than in unpigmented irides, and related this to the
prolonged mydriatic effect of atropine in pigmented
rabbits. Our data support their conclusion, since the
similar rates of [ *H]-4-NMPB-receptor interaction in
unpigmented rabbits and in cat irides indicate that the
longer mydriatic effect in pigmented irides cannot be
attributed to differences in the drug—receptor interac-
tion. Furthermore, the existence of low-affinity binding
sites for | *H]-4-NMPB in pigmented irides only sug-
gest that 4-NMPB, like atropine, can bind to the
pigments.

The binding of muscarinic antagonists by pigments
is not likely to be the sole explanation for their pro-
longed mydriatic effect in general. Even in albino rab-
bits [ 10 and mice [27]. the mydriatic effect is much
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longer then the dissociation rate from the receptor.
However. it has been shown that the higher the antimus-
carinic activity of a drug, the longer the duration of the
mydriasis [ 27]. This potency—duration profile has been
also confirmed in binding studies of labeled muscarinic
antagonists [ 7] and suggests that, in a given species. the
events at the receptor sites determine the relative my-
driatic potency in a series of drugs.
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